3+ (1 mol.%) co-doped with varying concentration of Gd 3+ (1, 2, 5, and 10 mol.%) were prepared by combustion synthesis method at 600
C. All the compositions were investigated for their structural and photoluminescence properties. It was observed that both states of europium i.e. Eu 3+ and Eu 2+ were present and ratio of these states changes on heating at 1000
• C. The materials synthesized at 600
• C showed high intense peak around 440 nm due to presence of Eu 2+ and less intense peaks in the red region which were due to presence of Eu 3+ . On annealing the compounds at 1000
• C, intensity of peak around 440 nm decreases and intensity of peaks in the red region increases significantly. The 5 D0 → 7 F3 transition due to Eu 3+ at 657 nm appears as the highest intensity peak. All co-doped samples annealed at 1000
• C showed the higher intensity than the mono doped sample which is due to energy transfer from the Gd 3+ to Eu 3+ . The second rare-earth ion (Gd 3+ ) acts as sensitizer and enhances the photoluminescence intensity. The X-ray diffraction spectra reveal the monoclinic phase of CaAl2O4 in all the samples which showed that Eu 3+ and Gd 3+ do not change the crystalline structure of calcium aluminate. DOI: 10.12693/APhysPolA.132.1261 PACS/topics: phosphors, luminescence, combustion method, calcium aluminate
Introduction
The synthesis of inorganic luminescent materials is an area of great interest [1] [2] [3] [4] [5] [6] [7] . This area have attracted much attention due to the unique properties of luminescent materials particularly applied in light emitting devices like color displays, plasma display panels, fluorescent lamps, fiber amplifiers etc. [8] [9] [10] [11] . Inorganic luminescent materials are also widely used for solar cells for enhancing sunlight harvesting to increase the efficiency of solar cells [12] [13] [14] . These luminescent materials are synthesized by doping of rare earth (RE) ions into host lattices. Among luminescent materials, alkaline earth aluminates MAl 2 O 4 (where M = Ca, Sr, Ba) doped with various kinds of RE ions or other metal ions (M + or M 2+ or M 3+ ) show strong luminescence properties in the visible region. Aluminate-based phosphors have good thermal and chemical stability [15] . The other benefit of using alkaline earth aluminates as the host lattice specially CaAl 2 O 4 , is its long persistence, which is highly applicable in optical devices like luminous paints on highways on airports and buildings [16, 17] .
The phosphors with a long after glow have important application in the display devices. The long persistent glow can be improved by co-doping of certain rare-earth ions like Gd
phosphor is one kind of the long after glow phosphors. * corresponding author; e-mail: vermanaveen17@gmail.com
In these phosphors, Eu 2+ ions play the role of activators, whereas Gd 3+ ions generated hole traps that resulted in the long persistent phosphorescence and also act as a sensitizer in the phosphor [18, 19] [24] . There are various methods to prepare these rare earth doped compounds like solid state reaction, combustion reaction, hydrothermal method, precipitation method, micro emulsion method, microwave method, sol gel synthesis method [25] [26] [27] [28] [29] [30] [31] .
In this paper, we report our investigations on photoluminescence properties of nanocrystalline CaAl 2 O 4 :Eu 3+ :Gd 3+ materials synthesized by combustion method. This method provides an interesting alternative over other elaborated techniques because it offers several attractive advantages such as: simplicity of experimental setup; surprisingly short time between the (1261) preparation of reactants and the availability of the final product. The obtained materials are crystalline and may be applied in the field of photovoltaic as a down shifting material and in the fabrication of light emitting devices.
In this study, we observed the effect of Gd 3+ co-doping on structural and luminescence properties of CaAl 2 O 4 : Eu 3+ (1 mol.%) compound. The effect of annealing is also studied on the existence of prominent valence state of europium (Eu 2+ /Eu 3+ ) in CaAl 2 O 4 :Eu. Powder Xray diffraction is used for phase and crystalline structure determination. Photoluminescence characteristics were studied by excitation of powder material by 325 nm laser radiation.
Experimental
The combustion synthesis method was used to pre- :Gd 3+ complexes were taken and mixed with a calculated amount of urea and a paste material was prepared by adding few drops of deionized water. The amount of urea was calculated using total oxidizing and reducing valencies [32] . The paste of mixture was transferred to preheated furnace at 600
• C. At high temperature material undergoes rapid dehydration, combustion and a voluminous solid is formed with the generation of combustible gases. The solid obtained is further annealed at 1000
• C for 3 h to increase the crystalline character.
The structural characterization was performed by high resolution X-ray diffraction (XRD) using Rigaku Ultima IV diffractometer in the θ−2θ configuration with Cu K α radiation (1.54184 Å). The morphology of the crystals was studied by scanning electron microscope (SEM) using JEOL JSM6300 model operating at 10 kV. Photoluminescence (PL) experiments were performed in backscattering geometry using a He-Cd laser (325 nm) with an optical power of 30 mW for excitation. The emitted light was analyzed by HR-4000 Ocean Optics USB spectrometer optimized for the UV-vis range. For photoluminescence measurements, 0.05 g powder samples were pressed into pellets (10 mm diameter and 1 mm thickness) and then exposed to a 325 nm He-Cd laser. All measurements were carried out at room temperature. 
Results and discussion

XRD analysis
the samples show good crystalline behavior with monoclinic CaAl 2 O 4 as the main phase and the same structure is retained after
SEM analysis
SEM images of CaAl 2 O 4 : Eu
3+ : Gd 3+ samples are shown in Fig. 2 . The images show particle clusters and flaky aggregates. SEM images clearly indicate the presence of grains with non uniform shape and sizes. This might be due to unequal distribution of temperature and mass flow in the combustion flame. This observed morphology is consistent with combustion derived products compounds [15] . The flakes also have porosity with different dimensions. Several pores are observed in SEM image which are formed by the escaping gases during the combustion reaction. Also, several small particles can be seen within grains.
Photoluminescence properties of
CaAl 2 O 4 :Eu 3+ :Gd
3+
The photoluminescence spectra of CaAl 2 O 4 : Eu 3+ : Gd 3+ (1, 2 and 5 mol.%) as prepared materials at 600
• C and samples annealed at 1000
• C are shown in Fig. 3a and b, respectively. PL emission spectra of all prepared compounds showed the presence of both valence Figure 3a shows the photoluminescence spectrum of CaAl 2 O 4 :Eu 3+ (1 mol.%): Gd 3+ (1-10 mol.%) phosphors prepared at 600
• C by combustion synthesis method. The photoluminescence curves showed the presence of both Eu 2+ and Eu 3+ valence state of europium. The curves show a broad emission peak in the blue-green region at 441.5 nm due to Eu 2+ and other peaks at 576 concentration and almost diminishes when concentration of Gd 3+ was 10 mol.%. This decrease in intensity is compensated by increase in intensity of peaks near 657 nm due to the presence of Eu 3+ (Fig. 3a) when the concentration of Gd 3+ increases from 0 to 2 mol.%, the peak intensity due to Eu 2+ at 441.5 nm decreases, and that decrease in intensity is compensated by the increase in intensities of peaks due to Eu 3+ . On further increase of the concentration of Gd 3+ due to concentration quenching there is a decrease in intensity of both the peaks. The increase in intensity of photoluminescence at 657 nm and decrease in intensity of peak situated at 441.5 nm showed that the Gd 3+ introduction increases the overall red emission of the phosphor and decreases the blue green emission [38] 
Conclusion
CaAl 2 O 4 :Eu 3+ compounds co-doped with varying concentration Gd 3+ were synthesized by combustion synthesis method. The X-ray diffraction study shows the retaining of monoclinic phase of CaAl 2 O 4 on doping of Eu 3+ and co-doping of Gd 3+ which showed that the crystal structure remains unaffected by introduction of RE ions. With the change in concentration of co-dopant (Gd 3+ ) the ratio of peaks intensities due to Eu 2+ and Eu
3+
changes. Thus changing concentration of co-dopant is expected to provide a means to tune the emission spectrum of RE doped aluminates. As prepared material showed most intense peak around 440 nm due to Eu 2+ which on annealing at 1000
• C diminished due to oxidation of Eu 2+ to Eu 3+ . In the annealed compounds, highest intense peak is due to the 5 D 0 → 7 F 3 transition in the red region at 657 nm due to Eu 3+ . It was found that due to sensitizing effect of Gd 3+ co-doped materials showed higher PL intensity as compared to CaAl 2 O 4 mono doped with Eu ion.
